Abstract-Saccadic eye movements during visual search made to detect a target embedded in a set of randomly distributed, identical elements have been measured. Both the time T1/2 taken to press a button to denote target detection (the manual response time) and the time Tf taken to fixate the target were determined. It is established that these two response times are closely related to each other, and have similar dependence on the number of reference elements N, both in search tasks for which T1/2 is independent of N (parallel search) and in those for which T1/2 is proportional to N (serial search). The properties of the eye movements made by two subjects in response to a variety of stimuli have been subjected to detailed analysis. It is shown that the number of fixations made during a given search is proportional to the manual response time T1/2 and that the probability of locating the target with a single fixation falls steeply as T1/2 increases. The latency of the first saccade is approximately linearly dependent on T1/2, and latencies made in performing a given task are distributed in a Gaussian manner, the spread of the latency values increasing as the mean latency increases. It is concluded that the measurement of eye movements provides a more detailed description of visual search than that given by measurement of manual response times, and that in terms of eye movements, only a subset of those tasks for which T1/2 is independent of N can be classified as parallel.
INTRODUCTION
Visual detection of objects in a complex image can be investigated systematically by the measurement of the response times required for detection of a single target embedded in a suitably structured image (Neisser, 1963) . In a typical experiment, the subject detects the presence of a target amongst one or more groups of identical, randomly distributed reference, or distractor (non-target) elements. A variety of experimental conditions have been applied in such investigations, not all of which have employed randomly distributed elements. Two basic response patterns, known as parallel and serial search, are frequently identified. In the former, response times required for detection of the target are independent of the number of non-target elements, whereas in *To whom correspondence should be addressed. the latter, detection time increases as the number of non-target elements increases. It was proposed that parallel search occurs for a 'disjunctive' target distinguished from non-targets by a single parameter, such as orientation, whereas a target which differs from non-targets in a 'conjunction' or combination of parameters requires serial search (Treisman and Gelade, 1980) . Counter examples to this feature integration theory were found, for example, by Nakayama and Silverman (1986) , who showed that targets distinguished by combinations of parameters such as depth and motion could be detected in parallel. Wolfe et al. (1989) found that even conjunctions normally associated with serial search could be detected in parallel if the saliency of the target were sufficiently great and they suggested that serial search reflects signal-to-noise ratios which are inadequate for parallel search responses. This formed the basis for the guided-search model, in which target detection involves the combination of information from two (or more) retinotopically registered image parameters (Cave and Wolfe, 1990) . The feature integration theory has also been modified to account for parallel conjunctive search by the introduction of inhibition between different features of the non-target elements (Treisman and Sato, 1990) . A second limitation on parallel search, even for disjunctive targets, arises when the parametric difference by which the target is distinguished from the non-target is too small (Bergen and Julesz, 1983; Javadnia and Ruddock, 1988a) . A theory of visual search based on the similarity between target and non-targets, in which parallel and serial processing are regarded simply as the extremes of a continuous range of search performance, has been formulated by Duncan and Humphreys (1989) . A model of visual search in which serial search corresponds to temporal sampling by a mechanism with limited capacity has been tested experimentally by Verghese and Nakayama (1994) . They found only limited correspondence between the predictions of the model and the experimental data, and the authors concluded that their data were inconsistent with the division of search processes into a parallel system and serial search performed by a limited capacity detector. Verghese and Nakayama (see also Grossberg et al., 1994) discuss the contributions to search performance arising from visual grouping of elements, but such effects may be exaggerated by the use in some experimental studies, including their own, of non-randomized arrays of elements. A visual search mechanism can be characterised by three properties, namely its discrimination limit, which restricts the accuracy with which a target can be distinguished from non-targets, its bandwidth, which determines the range over which a given parameter can be detected, and its sensitivity to parameters other than that directly involved in the detection process. Foster and Ward (1991a,b) have successfully modelled the first two properties in their analysis of pre-attentive detection of line orientation and Javadnia and Ruddock (1988a) and Alkhateeb et al. (1990b) have investigated all three experimentally. The specification of these channel properties is an essential step in the analysis of search models, which are usually based on early filtering of the retinal image, leading to central, topographical representations of the different image features. The purpose of the experiments reported in this paper was the investigation of saccadic eye movements made during the performance of visual search. We are concerned both with the intrinsic properties of the saccades themselves, and with the
